This prospective randomised, controlled trial compares the performance of three unchannelled videolaryngoscopes (KingVision TM , Airtraq TM , A.P. Advance TM MAC) and the standard Macintosh laryngoscope. With ethics committee approval and written informed consent, 480 patients were included. A difficult airway was created with a cervical collar, limiting mouth opening and neck movement. Primary outcome was first-attempt orotracheal intubation success. Overall success, laryngeal view, intubation difficulty scale, handling, intubation times and sideeffects were secondary outcomes. First-attempt success rates were: KingVision 90% (95% CI 83-94%), Airtraq 82% (74-88%), A.P. Advance MAC 49% (40-58%), Macintosh 44% (35-53%; p < 0.001). The 95% confidence interval of first-attempt success rate was thus below 90% for all devices, but the KingVision and the Airtraq performed better than the A.P. Advance MAC and the Macintosh laryngoscope. Also, performance was better with the KingVision and the Airtraq in terms of overall success, laryngeal view, intubation difficulty scale and quality of view. Problems with tube advancement were a frequent cause of intubation failure. In summary, the KingVision and the Airtraq performed better than the A.P. Advance MAC and the Macintosh laryngoscope. Success rates of the unchannelled KingVision and Airtraq were similar to those of their channelled versions reported previously, indicating that performance largely depends on blade design rather than the presence of a channel for tube advancement.
Introduction
Videolaryngoscopes have recently become very popular as primary or rescue intubation tools in anaesthesia [1, 2] , intensive care [3] and emergency medicine [4, 5] . Their use for tracheal intubation is more successful compared with the standard Macintosh laryngoscope in patients with simulated or real difficult airways [6] [7] [8] [9] [10] and they have also been successfully used in patients with a predicted difficult airway [11, 12] .
Videolaryngoscopes combine blades of different shapes with video techniques and screens that facilitate the view of anatomical structures from the tip of the blade. It is thus no longer necessary to achieve a direct view on the glottic opening, but often a very specific curve of the tube is necessary to manoeuvre the tube into the trachea. Even with stylets that optimise the curve of the tracheal tube, intubation is sometimes impossible despite a good laryngeal view [2] . A channel was added to some videolaryngoscopes to facilitate tube guidance into the trachea, but channelled devices are often bulky and can be difficult to use in patients with limited mouth opening. We recently performed a randomised, controlled trial in patients with a simulated difficult airway that compared the performance of three videolaryngoscopes with and three videolaryngoscopes without an integrated channel [2, 13] . This study could not demonstrate an advantage of the channel in the hands of experienced anaesthetists. Instead, the unchannelled videolaryngoscopes C-MAC TM and McGrath TM had higher success and lower tissue trauma rates than the channelled videolaryngoscopes Airtraq TM , A.P. Advance TM and KingVision TM [2] . The above mentioned channelled videolaryngoscopes are also available without the guiding channel, although data about their performance are very limited. The unchannelled Airtraq showed success rates of 88-94% for nasotracheal intubation [14, 15] compared with a 85% success rate of the channelled Airtraq [2] . Manikin studies with the unchannelled A.P. Advance MAC and KingVision reported success rates of up to 100% [16, 17] , much higher than the success rates reported in our previous study (37% and 87%, respectively). However, clinical data on the performance of unchannelled videolaryngoscopes for orotracheal intubation of patients with difficult airways are lacking. We performed this randomised, controlled trial to fill this data gap.
Methods
In this prospective randomised, controlled, patientblinded trial, we compared the performance of the three unchannelled videolaryngoscopes Airtraq, A.P. Advance MAC and KingVision and the standard Macintosh to facilitate orotracheal intubation in patients with a simulated difficult airway. Our hypothesis was that for every single device, the lower limit of the 95% confidence interval (CI) of the first-attempt success rate for orotracheal intubation is at least 90% [2, 13] .
The study was carried out at the University Hospital of Bern, Switzerland, and was approved by the local ethics committee. Anaesthesia and procedures were the same as described in a methods paper [13] for a previously published study [2] . After obtaining written informed consent, we prospectively included patients of both sexes. ASA status 1-3 and scheduled for elective surgery requiring tracheal intubation. We did not study patients at risk of aspiration and patients with known or predicted difficult airways (body mass index > 35 kg.m
À2
, Mallampati > 3, thyromental distance < 6 cm, interincisor distance < 3.5 cm, known difficult mask ventilation/laryngoscopy, planned or previous history of awake tracheal intubation). Patients were electively anaesthetised and a difficult airway was created by tightly adjusting a cervical collar to patients' necks [2, 13, 18] .
Study devices are displayed in Fig. 1 . All videolaryngoscope blades were unchannelled and single-use. We used the Airtraq blade size 2 in women and 3 in men (Prodol Meditec SA, Vizcaya, Spain), the A.P. Advance MAC blade size 3 (Venner Medical SA, Singapore), and the KingVision blade size 3 (Kingsystems, Noblesville, IN, USA). The standard Macintosh laryngoscope blade was used as a control (size 3 for women; 4 for men). Cuffed Mallinckrodt Hi-Contour Tracheal Tubes TM with a stylet were used for all intubations (Covidien, Hazelwood, MO, USA, 6.5-mm internal diameter for women, 7.5 mm for men). The unchannelled A.P. Advance used in the present study features a Macintosh-style blade in contrast to the more angulated difficult airway blade of the channelled A.P Advance.
All participating consultant anaesthetists were airway management experts and trained with all videolaryngoscopes on manikins and patients until they felt competent with each device. The level of experience was the same with all videolaryngoscopes and none of the devices had been a standard intubation tool before the study start except for the standard Macintosh laryngoscope.
We used computer-generated randomisation with sealed opaque envelopes to randomly assign an intubation tool to a patient. Block randomisation was done separately for each anaesthetist to assure equal numbers of intubations with all devices (block of 80 intubations per anaesthetist with 20 intubations per device). Patients were blinded to randomisation and the postoperative interview was performed by a blinded member of the research team.
Premedication with midazolam 7.5 mg or lorazepam 1 mg was administered. Balanced anaesthesia was induced with propofol 1.5-3 mg.kg À1 and fentanyl 1-2 lg.kg
À1
. Neuromuscular blockade with rocuronium, initially 0.6 mg.kg À1 was controlled by loss of 1 Hz muscle twitching (TOF Watch TM ; Organon, Dublin, Ireland). The inter-incisor distance at maximum mouth opening was measured before and after adjustment of a size-adjustable, adult-sized cervical collar (Stifneck TM ; Laerdal, Copenhagen, Denmark) [13, 18] . The collar was adjusted as described in the manufacturer's manual, allowing for a mouth opening of at least 18 mm. The head was taped to the trolley. Then, a maximum of two attempts of orotracheal intubation with the randomly selected device were performed. In case of two failed attempts, airway injury, bronchospasm, technical device failure or desaturation below 90% the study was abandoned and the airway secured according to the anaesthetist's preference, after removing the cervical collar.
Baseline patient and airway characteristics were recorded. The primary outcome measure was firstattempt orotracheal intubation success, defined as placement of the tube in the trachea within 180 s [2] . Secondary outcome measures included: reasons for intubation failure; laryngeal view as assessed by Cormack-Lehane grade; glottic opening (POGO) score [19] ; and number of oesophageal intubations. Furthermore, overall success rate, Intubation Difficulty Scale (IDS) [20] and intubation times were assessed. Time was measured from taking the face-mask away from the face until appearance of end-tidal CO 2 . An interim time was recorded as soon as the vocal cords were seen. Subjective secondary outcome parameters, graded by the anaesthetist, were the ease of device insertion into the oropharynx, quality of view and ease of tube advancement, all graded as excellent, good, fair or poor. Impaired vision from blood, mucus or fogging, as well as adverse events and side-effects were recorded. A study nurse who was not involved in the clinical procedure recorded all measurements. For difficult airway management, we previously defined a minimal success rate of 90% as clinically acceptable [2, 13, 21] . Our primary hypothesis applied for every single device and stated that the lower limit of the 95% confidence interval of the first-attempt success rate of orotracheal intubation is at least 0.9. With an alpha level of 0.05 and a power of 0.8 the necessary sample size was calculated as 107 per device. We decided to include 120 patients per device to compensate for dropouts and missing data [2, 13] .
We performed intention-to-treat analysis according to randomisation. Binary data were analysed using Chi-square or by Fisher's exact test if more than 20% of expected values were below 5. The Kruskal-Wallis test was used for ordinal data. For continuous data, we tested normal distribution using Q-Q plots, histograms and the Shapiro-Wilk test. An independent samples Kruskal-Wallis test was used for comparison of more than two groups of non-continuous data. An unpaired student's t-test was used for the comparison of two groups of continuous data. Logistic regression with pairwise comparisons and Bonferroni-Holm corrections were used for post-hoc comparisons of statistically significant results. A probability of p < 0.05 was considered statistically significant. Data were analysed using Stata V.13.1 (StataCorp, College Station, TX, USA).
Results
In total, 480 patients were included without dropouts after randomisation. Each of the six participating anaesthetists performed 20 intubations with each device. Baseline patient and airway characteristics are given in Table 1 . The cervical collar created a difficult airway by inhibiting neck movement and reducing mean (SD) mouth opening from 46 (6) mm to 24 (3) mm (p < 0.0001).
Regarding the primary outcome measure firstattempt intubation success rate, none of the devices achieved a lower 95% confidence interval > 90% (Table 2) . First-attempt intubation success rate ranged from 44% (95% CI 35-54%) with the Macintosh laryngoscope to 90% (95% CI 83-94%) with the KingVision (p < 0.001, Table 2 ). Post-hoc pairwise comparisons revealed that first-attempt success rates with the Macintosh laryngoscope and the A.P. Advance were significantly lower than with the Airtraq or KingVision (p < 0.001 for the respective comparisons). Few failures were due to technical problems like a flickering light source or a black videoscreen (3% of failures). The other failures were due to problems with tube advancement in 33% and to problems with view in 64%. There was no interruption of an intubation attempt for reasons such as hypoxia or bronchospasm.
Cormack-Lehane grades differed significantly between devices (p < 0.001, Table 2 ). Post-hoc pairwise comparisons revealed significantly worse views with the Macintosh laryngoscope and the A.P. Advance compared with the Airtraq and the KingVision (p < 0.001 for the respective comparisons). The POGO score also differed significantly between devices (Table 2) .
Overall success rates ranged from 57% (95% CI 48-65%) with the Macintosh laryngoscope to 94% (95% CI 88-97%) with the KingVision (p < 0.001, Table 3 ). None of the devices reached a 95% confidence interval >90% (Table 2) . Post-hoc pairwise comparisons showed significantly worse overall success rates of the Macintosh laryngoscope and A.P. Advance compared with the Airtraq and the KingVision (p < 0.001 for the respective comparisons). The subjective grading of device insertion into the oropharynx (p < 0.001) and of the quality of view (p < 0.001) differed significantly between devices, while the ease of tube advancement did not differ (p = 0.71, Table 3 ). Overall, view was rated as excellent in 52%, and tube advancement was rated as excellent in 36%. In only a few cases, vision was impaired by mucus, blood or condensation.
Median IDS score of the successful attempts ranged from 1 with the KingVision and Airtraq to 3 with the Macintosh laryngoscope (p = 0.0001, Table 3 ). IDS score was higher with Macintosh laryngoscope and A.P. Advance than with Airtraq and KingVision (Table 3) . Missing data for insertion of the device into oropharynx, quality of view and ease of tube advancement: 7 Macintosh, 5 Airtraq, 10 A.P. Advance, 4 KingVision.
Time to visualise the glottis differed significantly between devices (p = 0.0003, Table 3 ) and was significantly longer with the A.P. Advance compared with all other devices (p < 0.001 for the respective comparisons). Intubation time of the successful attempt (time to visualise the glottis plus tube advancement) also differed significantly between devices (p = 0.0129, Table 3 ) and was significantly shorter with the Macintosh laryngoscope than with the A.P. Advance or the KingVision (p < 0.001 for the respective comparisons).
Minor mucosal injuries or bleeding were the most frequent adverse events, occurring in 7-17% (p = 0.04, Table 4 ). Post-hoc analysis did not reveal statistically significant differences in the pairwise comparisons. One patient who underwent cervical stabilisation developed postoperative dysphagia. Neurological and ENT examinations showed dysfunction of the glossopharyngeal nerve, which arguably could be related to either anaesthesia or surgery. The patient fully recovered within 6 months. No other adverse events such as dental injury, bronchospasm or aspiration were noted. Side-effects are described in Table 4 (all p > 0.05). If at all present, symptoms were mild in most cases. Patients stated that they would choose to participate again in the study in 95% of Macintosh, 97% of Airtraq, 96% of A.P. Advance and in 96% of KingVision cases (p = 0.90).
Discussion
Our main result is that none of the devices achieved a first-attempt success rate with a 95% confidence interval > 90% in this simulated difficult airway setting, with both the Macintosh laryngoscope and A.P. Advance showing success rates that were considered insufficient for difficult airway management.
Apart from the presented data, little evidence about the performance of the studied unchannelled videolaryngoscopes appears to exist. In patients with a predicted difficult airway, the unchannelled Airtraq showed 88-94% first-attempt success for nasotracheal intubation [14, 15] and similar results were found in normal airways [22] . Manikin studies showed 100% success rates of the unchannelled KingVision and A.P. Advance [16, 17] , but to our knowledge no controlled study has yet evaluated the performance of the unchannelled KingVision or A.P. Advance in patients.
In contrast, several clinical trials have evaluated other videolaryngoscopes in difficult airways simulated with a cervical collar and found first-attempt success rates of 88% with the C-MAC [6] and 93-96% with the GlideScope TM [18, 23] . Studies in patients with predictors for difficult intubation showed success rates over 90% with the GlideScope [24, 25] , the C-MAC [24] [25] [26] , and the McGrath [26] . In accordance with our data, a recent meta-analysis showed that the Airtraq reduces the risk of intubation failures in patients with cervical spine immobilisation [1] , but the KingVision and the A.P. Advance were not included in this meta-analysis. After assimilation of all the available data, it seems that our pre-defined target first-attempt success rate with a 95% confidence interval above 90% would be desirable, but is very ambitious in patients with inhibited neck movement and reduced mouth opening. Also, the unchannelled KingVision and Airtraq performed in the range of other videolaryngoscopes that were evaluated in similar settings. The present study confirms published evidence that success rates with the Macintosh laryngoscope are lower than with videolaryngoscopes [7-10, 24, 27, 28] , with the possible exception of the A.P. Advance, which is rather bulky and might therefore be of limited value in patients with reduced mouth opening [2] . With the Macintosh laryngoscope and the A.P. Advance, the paramount reason for intubation failure was impossible glottic view. As previously shown with the unchannelled Airtraq [14] , the Airtraq and KingVision demonstrated better laryngeal views than the Macintosh laryngoscope. However, intubation failures with the KingVision and the Airtraq were often due to problems with tube advancement, demonstrating that 'you see that you fail' situations occur even in experienced hands and with optimal use of stylets.
In accordance with previous studies showing that intubation with videolaryngoscopes is slower than with the Macintosh laryngoscope [7, 24] intubation in our study was fastest with the Macintosh laryngoscope. Of the videolaryngoscopes, the Airtraq seems to allow for relatively fast intubation, similar to the Macintosh laryngoscope. A different study showed that intubation with the unchannelled Airtraq was even faster than with the Macintosh laryngoscope [14] . However, the time difference between the devices seems clinically irrelevant and intubation times only represent successful attempts. Since intubation under difficult conditions can require considerable time, optimal preoxygenation is absolutely necessary, particularly in patients with limited oxygen reserve such as obese or pregnant patients. Although these patients were intentionally not included in the present study, none of our patients desaturated during intubation attempts of up to 180s.
Bleeding or mucosal injuries occurred in 7-17% of patients, similar to our previous study with tissue trauma in 16% [2] , and other studies with tissue trauma in 16-18% [7, 29] .
Our recent study with the same study setting suggested advantages of unchannelled over channelled videolaryngoscopes [2] . In this separate randomised, controlled trial we now evaluated the unchannelled versions of the channelled videolaryngoscopes studied before. The first-attempt success rate with the unchannelled A.P. Advance (49% in the current study) was higher than that of its channelled version (37% in the recently published study) [2] , but still lower than success rates with the Airtraq and KingVision. The unchannelled A.P. Advance features a Macintosh blade, while the channelled version features a more angulated blade, making comparison of the results difficult. In contrast, the shape of the unchannelled and channelled KingVision and Airtraq differ only in the presence or absence of the tracheal tube guiding channel. First-attempt success rates of the unchannelled and channelled blades of both devices were very similar [KingVision unchannelled 90% (current study) vs. channelled 87% (recently published study [2] ); Airtraq unchannelled 82% (current study) vs. channelled 85% (recently published study [2] ). This comparison is limited by the fact that the numbers originate from two separate studies, however, they were both performed by the same study group and with the exact same methods. The similar success rates of the channelled and unchannelled blades indicate that performance in experienced hands largely depends on blade design, rather than on the presence of a channel for tube advancement. This is in contrast to another study, which concluded that the guiding channel of the KingVision facilitated intubation, but this was only true for novice doctors intubating manikins [16] .
Our data describe the performance of intubation tools in difficult airways simulated with a cervical collar. Although this is an accepted standard of simulating difficult airways for research purposes [2, 6, 18, 23, 29, 30] , data must be interpreted with caution since they do not represent genuine difficult airways. However, we consider it ethically questionable to study new devices in genuine difficult airways, since these can be life-threatening [31, 32] . Our data represent the specific difficult airway scenario of inhibited neck movement and reduced mouth opening. Although this is a frequent and important cause of difficult airways (e.g. in trauma), device performance in other difficult airway situations such as obese patients might differ. None of the videolaryngoscopes had been a standard intubation device at the study site, but all participating consultant anaesthetists were airway management experts and extensively trained with all videolaryngoscopes before the start of the study. Since no validated tool for objective assessment of competency exists and since suggested training repetitions are vague [33] , we relied on the self-assessment of the participating airway experts. Experience was the same with all videolaryngoscopes.
We reported our data using 95% confidence intervals as has been recommended for airway research [34] . Our study clearly exceeded our planned power, since for a prevailing 'failure rate' of~10%, the minimum sample size is~50 [34] . For each of our devices we studied 120 patients.
Intubation success rates with the Airtraq and the KingVision were largely the same between their unchannelled versions assessed in this study and their channelled versions assessed with the same study methods in a previous study [2] . In contrast, success rates differed substantially between brands, suggesting that intubation performance of videolaryngoscopes largely may depend on blade design, rather than on the presence of a channel for tube advancement. Problems with tube advancement despite a good view of the larynx were frequent causes of failure.
